ABSTRACT Complex networks provide a convenient way to model the process of occupational injury occurrence at the system level, and node importance metrics are usually employed to quantify the influence of the factors leading to injuries. However, the traditional metrics such as degree and betweenness are based on the supposition that the network is a homogeneous one and the types of its nodes have to be the same. To describe the injury occurrence, there should be at least two types of nodes, i.e., source nodes and injury nodes. Since this network is heterogeneous in nature, traditional metrics for node importance evaluation are no longer applicable. Hence, we propose two metrics: radial degree and partial betweenness, to quantify the contribution of the source nodes. The former is to describe their induction capabilities, while the latter to depict their control capabilities. The composite score of these two metrics is utilized to evaluate the node importance. The empirical analysis on a total of 438 fatal accident reports in Beijing from 2004 to 2018 showed that our method notably outperformed several state-of-art metrics in evaluating and identifying the crucial nodes.
I. INTRODUCTION AND MOTIVATION
Occupational safety and health remain a significant public health problem [1] . The overall occupational safety situation in China, as well as in other countries and regions, is still severe, entailing high costs to social security system. It is estimated that there are more than 16 million enterprises with occupational hazards in China and more than 200 million workers are exposed to hazards in the workplace [2] . The annual number of safety accidents in China has been over 300,000 in the last decades, with more than 70,000 deaths every year [3] . Occupational injuries are attributing to various factors, and their occurrences are usually denoted as a complicated system phenomenon of these interacting and interrelated factors [4] . Different factors play rather different roles in the formation process of occupational injury, and their contributions to injury occurrence vary greatly. Better knowledge of which factors are most influential or determinant to
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injury can help us to prioritize managerial efforts and develop differentiation safety strategy for occupational accident and injury prevention [5] , [6] .
Complex networks provide convenient models for complex system involving complicated interactions among its components [7] . The last few years have witnessed the emergence of complex networks in occupational accident and injury analysis [8] - [12] . Complex networks are employed to describe the process of occupational injury formation at the system level, and node importance metrics are utilized to quantify the influence of the factors leading to injuries. For example, Ma et al. [8] constructed a network model for the causation analysis of railway accident. The nodes were defined as various manifest or latent accident causal factors. The ''7.23'' China-Yongwen railway accident was illustrated based on this model. Results showed that the node ''inspection of signals'' had the greatest degree and the node ''checking of line conditions before trains run'' was with the largest betweenness. Both of them played an important role in this railway accident. Zhou et al. [9] established a directed weighted accident causation network for the Rail Accident Investigation Branch in the United Kingdom, which was based on event chains of accidents. The network contains 109 nodes representing causal factors and 260 directed weighted edges representing complex interrelationships among factors. The statistical properties such as degree, node strength, weighted clustering coefficient, and betweenness centrality were applied to reveal the critical factors, and ''track damaged'' was evaluated as the most important one. Zhou and Irizarry [12] integrated the accident energy release model and network theory to explore the complexity of the Hangzhou Subway Construction Collapse accident which caused the most casualties in China's subway construction history. This accident was viewed as a combination of 11 sub-accidents, with one sub-accident being a result of a previous sub-accident and acting as the cause of the following sub-accident. These sub-accidents were modeled as a complex network. After comparing topological metrics of each node, the sub-accident ''collapse of soil'' was identified as vital node with the greatest degree and betweenness centrality. Li et al. [11] established the metro operation hazard network after identifying the interrelations among 28 hazards. Seven parameters such as network density and clustering coefficient were applied to further reveal the structural properties. And it was argued that nichetargeting controlling hazards of high degrees and betweenness centrality, such as ''signal malfunction'' and ''congestion'', could significantly decrease the metro operation risks. Eteifa and El-adaway [10] used social network analysis to model the interactions between root causes in accidents, with the root causes as the nodes and their co-occurrence in an accident as the edges. Weighted degree and flow betweenness of the nodes were investigated, and the results indicated that the ''absence of fall arrest systems'', ''lack of jobsite training'', and ''lack of personal protective equipment'' were the most interrelated root causes.
In the above mentioned studies, complex networks have been shown to be a good choice for modelling the complexity of occupational injury, and structural metrics such as the degree centrality and the betweenness centrality serve as sound measures for node importance evaluation and key roles identification. Just as most network analysis in other fields [13] , all these studies here have a basic assumption: the networks are homogeneous. That is, the type of nodes or edges is unique. These networks contained only one type of nodes and edges. The nodes in these networks are either causal factors [8] , [9] , root causes [10] , hazards [11] , or subaccidents [12] . However, when we adopt network to model the interaction pattern between the injury and its related factors, the network should be treated as a heterogeneous one, rather than a homogeneous one. There are at least two types of nodes, namely, the injury nodes and the contributing factor nodes. These two types of nodes should not be put into the same rooting, and metrics for node importance evaluation should be improved accordingly. For example, the traditional definition of degree centrality is used to characterize a node's influence on its neighbors [14] . If a node has one more neighbor, its degree will plus one, regardless of the neighbor's type. It performs well for homogeneous networks, since the type of the nodes is identical. When it comes to a heterogeneous network, the influence of a factor node on another factor node is definitely not the same as its influence on an injury node, since injury is harmful while factors itself is not. Hence, the degree centrality should not be simply transplanted to a heterogeneous network. Furthermore, a path connecting a sequence of factors should also be distinguished from a path which starts from a factor and ends at an injury, because the latter is leading to an injury while the former is not. In other words, only paths responsible for an injury occurrence count. Thus, the definition of the betweenness centrality, which is based on the shortest paths between pairs of nodes in the network, should also be adjusted adaptively.
This paper is aimed at solving problems mentioned above, and the main contributions are as follows:
1) We define triplet TIN (abbreviation for Triggering source, Inflicting source, Nature of injury) propagation chains to describe the injury occurrence and further model these intertwined chains as a complex network, in order to put things together and get a big picture of the relationships among occupational injuries and their sources. The network is treated as a heterogeneous one, rather than a homogeneous one. 2) We propose two new metrics, radial degree and partial betweenness, to quantify the influence and contribution of different sources to injuries. The former is to depict the induction capabilities of injury sources, while the latter is to depict their control capabilities. 3) We demonstrate that the composite score of these two metrics can serve as a better indicator of node importance in this heterogeneous occupational injury network, which outperforms other existing alternatives. The remainder of this paper is organized as follows: In Section II, the TIN propagation chains derived from the accident reports to illustrate the injury occurrence are introduced. And occupational injury network is defined on the basis of these triplet propagation chains. In Section III, two improved metrics, radial degree and partial betweenness, are proposed to measure the influence and contribution of the source nodes, and their composite score is utilized as an indicator for node importance evaluation. And the criteria to assess the proposed method is also put forward. In Section IV, empirical investigation with real life accident data ranging from 2004 to 2018 in Beijing is conducted, and the results demonstrate the feasibility of the proposed method. In Section V, some concluding remarks and directions for future studies are presented.
II. OCCUPATIONAL INJURY NETWORK A. ACCIDENT REPORTS AND TRIPLET CHAINS
In order to learn lessons from the history and prevent the occupational injury in the future, all the accidents involving fatal occupational injuries in the capital of China are stored in the information platform maintained by Beijing Emer- [15] , source of injury is further subdivided into two classes: triggering source of injury and inflicting source of injury.
Definition 1: (Nature of Injury, shoushangxingzhi, in Chinese) [15] . The nature of injury identifies the principal physical characteristic(s) of the work-related injury.
Definition 2: (Inflicting Source of Injury, zhihaiwu, in Chinese) [15] . Inflicting source of injury identifies the object or substance which directly produced or inflicted the previously identified injury.
Definition 3: (Triggering Source of Injury, qiyinwu, in Chinese) [15] . Triggering source of injury identifies the object or substance that directly generated the inflicting source or that directly initiated the event.
For convenience, Nature of Injury, Inflicting Source of Injury and Triggering Source of Injury will be abbreviated as NI, IS and TS respectively.
On the basis of one of the most famous metaphors and theories in safety science, i.e., the falling dominos [16] , we can reveal the formation process of occupational injuries with TS, IS, and NI as TIN propagation chain, shown in Exposure to hazardous injury sources is one of the three major categories of accident risk factors, with the other two as unsafe workers' behaviors and unsafe working conditions [6] . Obviously, the emphasis of TIN chain here is on the sources of occupational injuries.
For an intuitive explanation of the triplet TIN propagation chain, we resort to two cases registered in the accident reporting system in BEMB.
Case 1: (Time: about 10:00 a.m. February 18, 2009 ; Place: Taipingzhuang Village, Changping District, Beijing) While YUAN Sanyou and three other workmates were installing the support steel frame inside the tunnel of Beijing-baotou expressway at about 900 meters away from the tunnel entrance, pumice stone on the top of the tunnel fell down and smashed down the steel frame. YUAN was struck by the collapsed steel frame to death, and the other workmates were slightly injured.
Case 2: (Time: about 14:00 p.m. March 4, 2009; Place: Gaojiayuan housing estate, Chaoyang District, Beijing) When CHEN Fuquan and his workmates were hitting the bottom of the wall with an electric hammer in the wall demolition construction, the wall suddenly collapsed and killed CHEN.
In Case I, the trigger is the pumice stone on the top of the tunnel, while the inflictor is the steel frame. And they are registered respectively as ''buildings and structures'' and ''metal pieces'' in the accident reporting system. In Case II, the trigger is the electric hammer while the inflictor is the wall, and they are registered as ''powered handtools'' and ''clay, sand, stone''. Usually, a triplet propagation chain is along with uncontrolled energy transfer to the victims, and the trigger and the inflictor can be the energy carrier. The energy transferred to human body exceeds the physiological threshold, thus injury occurs. From the above case, we can see that the trigger provides the environment, yields the condition, or exerts some effort, which gives rise to the injury inflicting process, and the inflictor, as its name implies, directly produces or inflicts the injury.
When we read the triplet TIN propagation chain from right to left, it tells us nothing more than the simple truth that in some accident an injury is inflicted by some inflictor which is triggered by some trigger. One single chain sheds little light on the pattern of occupational injury occurrence. Investigating the accident reports case by case separately, we see nothing more than single chain connecting the trigger, inflictor and injury together. No pattern will emerge. However, when we put things together and take all these triplet propagation chains into consideration at the same time, we will find that these chains are intertwined together and can provide a holistic picture of occupational injury, which will be further discussed in the next section.
B. OCCUPATIONAL INJURY NETWORK
In order to analyze the accidents and injuries at the system level and get a big picture, intertwined chains with shared nodes are usually further modeled as a complex network, such as in [9] - [12] . Here, we will also put things together and model the intertwined TIN chains as a network, as shown in Fig.2 .
Definition 4 (Occupational Injury Network): Occupational injury network is defined as a directed graph G = (V , E), with V as its nodes (vertices) and E as its edges.
V is the union set of sources S and injuries I . Obviously, S ∩ I = . And S can be either triggering source S t or inflicting source S i . In fact, as in similar coding systems such as Occupational Injury and Illness Classification System by U.S. Bureau of Labor Statistics [17] , IS and TS in [15] also share the same codes, thus S = S t = S i . In our study, all the elements in S and I are defined in GB 6441-86 [15] .
which means there will be an edge from v i to v j if v i is the trigger and v j is the inflictor, or v i is the inflictor and v j is the resulting injury, which has been recorded in at least one accident report. According to [13] , a network is called a heterogeneous network if the types of nodes or the types of edges are not the same; otherwise, it is a homogeneous network. There are two types of nodes in the network here, namely, injury nodes and source nodes, and the edges linking two source nodes together is distinguished from edges linking one source node to an injury node. Hence, the network in our study should be treated as a heterogeneous one.
One of the key concepts in complex network analysis is centrality, which is proposed to answer the question how to characterize a node's importance, or how influential a particular node is within the network [18] . Centrality measures can be classified into two groups, radial ones and medial ones, with degree and betweenness as their representatives respectively [19] . Degree centrality is the number of its directly connected neighbors, which means that a node's influence is highly correlated to its capacity to impact the behaviors of its surrounding neighbors. Betweenness is the ratio of the number of the shortest paths going through this node to all shortest paths between all pairs of nodes, which means that the node who has the potential to spread the information faster and vaster is more vital.
These two metrics perform well for homogeneous networks, such as in [8] - [12] . However, when it comes to Occupational Injury Network, these metrics are no longer applicable. As mentioned above, there are two types of nodes in this network, and they should be treated differently. If we borrow the Degree centrality to define the node importance as the number of its neighbors, its influence on different nodes are omitted. As a result, we are unable to distinguish its influence of initiating an injury from that of just acting on another source node. In the same way, if we simply transplant the Betweenness centrality to Occupational Injury Network, a path connecting a sequence of factors can never be distinguished from a path which starts from a factor and leads to an injury. As far as occupational injury network being considered, only paths responsible for an injury occurrence count. Therefore, both degree and betweenness should be improved, which will be discussed in the next section.
III. NODE IMPORTANCE EVALUATION WITH RADIAL DEGREE AND PARTIAL BETWEENNESS
To identify the roles of each source node v i ∈ S, we will define two node importance metrics, radial degree and partial betweenness, to quantify the node's induction capability and control capability. The former is a radial one, while the latter is a medial one.
A. RADIAL DEGREE AS A MEASURE OF INDUCTION CAPABILITY
Definition 5 (Radial Degree): The radial degree of v i ∈ S is to quantify the induction capability of certain source for injuries, and its value is determined by the number and the length of paths from this source node to other injury nodes. The radial degree of node v i ∈ S is defined as:
Here, d ij is the distance of the shortest path from the source node v i ∈ S to injury node v j ∈ I , and f (·) is the decay function, which is to characterize the capability attenuation along the path. The longer the path length between the source node and injury node, the weaker the induction capability of the source to that injury.
Previous investigation showed that reactions or propagations in accident or injury occurrence could exhibit an exponential decay with time [20] or distance [21] . We will also adopt an exponential decay function here. And f (·) is defined as:
Accordingly, the radial degree of source node v i ∈ S is:
If one injury node v j is not reachable from source node v i , the distance/path length is infinite, resulting rd (j) i = 0, which means source v i has no induction capability on injury v j . Thus the radial degree can not only be calculated on a connected network, but also on disconnected network.
If one injury node v j is directly connected to source node v i , with the distance d ij = 1, the radial degree rd (j) i = 1. Thus the radial degree is consistent with the classical out degree.
The comparison between Radial Degree for the heterogeneous injury network and Out-Degree for a homogeneous network is depicted in Fig.3 , with Fig.3(a) as the diagram for classical Out-Degree and Fig.3(b) as the diagram for the proposed Radial Degree.
In Fig.3 , there are two types of nodes: source nodes S 1 , S 2 , and injury nodes I 1 , I 2 , I 3 , I 4 . The black lines stand for effective links while the grey broken ones for the ineffective links, and links with three dots on them stand for a path rather than an edge. It can be seen from Fig.3 that out-degree only takes into consideration the directly connected neighbors, whether they are injury nodes or not. The radial degree takes the injury nodes as its destinations, either directly connected or reachable through some path. The reason to ignore other source node neighbors here is that our major concern is on the injury occurrence, we don't care about those relationships among source nodes if they are not leading to an injury. On the contrary, both the direct impact on an injury node and the indirect impact through a path to the injury node, will be considered as the node's radiation effects on injuries. The longer the path, the weaker the radiation strength. This is why the metrics is named ''radial degree''.
B. PARTIAL BETWEENNESS AS A MEASURE OF CONTROL CAPABILITY

Definition 6 (Partial Betweenness):
The partial betweenness of vertex v i ∈ S is to quantify the control capability of the transmission process, which is defined in terms of the extent to which a source node falls on the shortest path from source nodes to injury nodes:
Here g st is the number of all existing shortest paths from source node s (source node) to injury node t (target node), and n i st is the number of shortest paths from s to t that actually pass through node v i .
Partial betweenness is used to measure to what extent a node can play the role of intermediary in the propagation process from source nodes to injury nodes. The intuition of partial betweenness is that in order for source node s to reach injury node t, node v i must be used as an intermediate station.
Node v i stands between the source node and injury node can therefore facilitate, or amplify the uncontrolled energy transfer. Since v i is standing on the shortest path from s to t, its removal will slow down the efficiency of the chain reaction or even break down the chain. In other words, it can more or less control the formation process of occupational injury. Thus, the partial betweenness can quantify the control capability of node v i .
The comparison between the classical Betweenness and the proposed Partial Betweenness is illustrated in Fig.4 . Fig.4(a) on the left side is the diagram for the classical Betweenness while Fig.4(b) on the right side is for the proposed Partial Betweenness. The effective links are marked black while ineffective ones are marked grey. As for the partial betweenness, the head and the tail of the path are only allowed to be source node and injury node respectively. We will pay no attention on whether the node stands on a shortest path from one source node to another source node. The reason to exclude them is the same as that of radial degree: our major concern is on the injury occurrence, thus those relationships (or paths) irrelevant to the injury occurrence will not be taken into consideration. In other words, while calculating the proposed metric, only part of the shortest paths is taken into consideration. That's why the metric is named partial betweenness. 
C. NODE IMPORTANCE EVALUATION
As mentioned above, degree and betweenness are the representatives of the main two groups of centrality measures. The proposed radial degree and partial betweenness can be utilized to quantify the induction capability and control capability of a source node in occupational injury networks. And we will synthesize these two metrics to calculate a composite score for each source to illustrate its importance. For convenience, we name this composite score as PR values, which is defined as:
Here, α is a positive tuning parameter from 0 to 1 that can be set to balance the importance of radial degree and partial betweenness. When α = 1, only the induction capability is considered; at the opposite extreme, i.e., α = 0, only the control capability is considered. rd i and pb i are min-max scaled rd i and pb i :
Obviously, min-max normalization is to transform the original data to a value between 0.0 and 1.0. The lowest (min) value is set to 0.0 and the highest (max) value is set to 1.0. This provides an easy way to synthesize values that are measured using different scales.
D. PERFORMANCE ASSESSMENT OF THE PROPOSED METHOD
There are several criteria to assess the performance of node importance evaluation methods, such as susceptibility and robustness [22] , with network efficiency as one of the most popular indicators [23] - [25] . Here we will also employ the network efficiency to evaluate the proposed methods and compare it with other state-of-art ones.
Injury network efficiency refers to the mean value of all source-to-injury distance reciprocal sum, reflecting the extent of propagation difficulty from source to injury nodes in the network. The larger the value of the network efficiency, the easier it is for the domino effect in the network.
The procedure of performance assessment is as follows: Each method gives a ranking list of nodes according to their importance scores. Then we sequentially remove the nodes from the top-ranked ones and calculate the network efficiency after each removal. The removal of important nodes picked by a better method will leads to greater reduction of the network efficiency.
IV. EMPIRICAL RESULTS
A. OCCUPATIONAL INJURY NETWORK IN BEIJING
The data for our investigation is collected from the accident reporting system officially maintained by Beijing Emergency Management Bureau. After missing value handling and dirty data processing, there are 458 fatal accidents records remained for this investigation, ranging from June 6th, 2004 to June 12th, 2018.
Following the definition in Section II, we can construct the occupational injury network in Beijing as shown in Fig.5 . Source nodes are marked blue, while the injury nodes are marked red. Edges between source nodes are marked light blue, and edges pointing to injury nodes are marked grey. The sizes of the source nodes are mapped to their PR values.
In Fig.5 , injury nodes are put into the bottom two layers, and the source nodes are put into the upper four layers. A source node in the lower layer usually has a trigger on the upper layers. That is, the triggers on the top layers trigger the inflictors on the middle layers which further inflict the injury on the bottom layers.
There are 38 nodes in this network, with 24 of them as source nodes and the rest 14 ones as injury nodes. Removing loops and multiple edges, there are totally 137 edges. The mean degree is 7.2, which demonstrates that if we randomly select a node from this network, it may have nearly seven direct connections with other nodes in this network. The network density is 0.097. According to [26] , if the number of edges M is greater than N log N (here N is the number of nodes), the network can be considered as a dense one. In our network shown in Fig.5 , the number of edges M = 137 is close to the threshold N log N = 138.22. Thus, the occupational injury network in Beijing can be considered as a near-dense one, which implies that the propagation chains are tightly knit and the relationships between the source nodes and injury nodes are rather complicated.
The network is comprised of only one connected component, which means there is no separated nodes or groups, and all the nodes should be treated as a whole. The diameter of this network is 4, and there are five nodes in the diameter path: ''water'', ''electrical equipment'', ''chemicals'', ''clay, sand, stone'', and '' cuts, scratches, puncture''.
B. NODE IMPORTANCE OF SOURCE NODES
We can calculate the radial degree and partial betweenness for each source node in the network mentioned above. The results are shown in Fig.6 and Table 1 .
As for the radial degree, it can be seen from Table 1 that ''environmental conditions'' (17.794), ''transmission'' (12.779), ''working surface'' (12.201), ''buildings, structures'' (11.654), ''electrical equipment'' (11.157), ''boilers, pressurized containers'' (10.933) rank the top. These nodes are most likely to induce injuries. The nodes ''atmosphere'' (5.000), ''petroleum products'' (4.317), ''powered handtools'' (3.943), ''timber'' (3.013), ''dust'' (1.839), ''air pressure'' (1.000) possess the weakest induction capabilities. In fact, among the 14 injuries, source ''air pressure'' can only induce the injury ''fracture'', while ''environmental conditions'' can induce all these 14 injuries. We can see that radial degree of no node is zero, which means all source nodes listed here can somewhat induce some injury.
As for the control capability, we can see that ''clay, sand, stone'' (45.386), ''electrical equipment'' (35.476), ''steam'' (29.250), ''coal, natural gas, petroleum fuels'' (21.569), VOLUME 7, 2019 FIGURE 6. Induction and control capabilities of source nodes. ''water'' (19.402), and ''chemicals'' (19.036) are the most powerful sources, followed by ''atmosphere'' (16.160), ''working surface'' (12.902), ''metal pieces'' (10.252), ''hoisting machinery'' (7.333), ''ladders'' (0.983), and ''air pressure'' (0.250). Unlike the results of radial degree, the partial betweenness value of the remaining 12 sources are all zeros, such as ''environmental conditions'', ''pump, engine'', and ''timber'', these nodes are in no shortest path from any source node to a certain injury node, thus their control capabilities are equal to zero.
There are totally 430 shortest paths from the source nodes to the injury nodes. Nearly one fifth of them (80, 18.6%) will flow through the node '' clay, sand, stone'', and nearly half of them (203, 47.4%) will pass either ''clay, sand, stone'', ''electrical equipment'', or ''steam''. Effectively controlling these three nodes can increase the average path length and diameter of occupational injury network. As a result, the diffusion will slow down, and chain reaction might even be stopped.
Further, we can rank the importance of these source nodes based on the (7), and we can get the importance scores as shown in Fig.7 . It can be seen from Fig.7 that ''clay, sand, stone'', ''electrical equipment'', and ''steam '', which rank the top 3 in control capability, also get the same places in the synthetical PR values. However, it doesn't mean that the control capability is the only decisive factor for composite scores. For example, the partial betweenness value of ''coal, natural gas, petroleum fuels'' (21.569) is greater than that of ''water'' (19.402), however, the PR value of ''coal, natural gas, petroleum fuels'' (21.569) is greater than that of ''water'' (19.402). Another example is ''working surface'', climbing from the eighth to the seventh place with a greater radial degree. Thus the order with the PR values is the same as neither radial degree nor the partial betweenness. While ranking the node importance, both induction capability and control capability should be taken into consideration. In fact, if we set α = 0 or α = 1, the proposed method can never achieve the best performance.
In the view of the composite score, ''clay, sand, stone'' is the most influential injury source. The reason why the node ''clay, sand, stone'' plays such an important role in occupational injury occurrence might be that the occupational injuries in Beijing mostly result from accidents in construction industry. In fact, 263 of the reported 458 accidents occurred in the construction industry, accounting for 57.4%, far more than the following manufacturing industry (48, 10.5%) and service industry (29, 6.3%).
C. PERFORMANCE ASSESSMENT OF THE PROPOSED METHOD
To demonstrate the feasibility of the proposed method, we will compare its performance with other well-known metrics, such as Degree, Betweenness, Closeness [27] , Katz [28] , and some most recently contributed metrics, such as LeaderRank [29] , ClusterRank [30] , SALSA [31] , Diffusion Degree [32] , and Expected Force [33] .
We rank the nodes according to the proposed method and other existing 9 metrics, then sequentially remove topk nodes and calculate the efficiency of the remained network. Obviously lower efficiency stands for better performance. Since there are only 24 source nodes in the network, we only removed the top 6 nodes at most, which accounts for about a quarter of the total. And the results are shown in Fig.8 . When k = 1, most of the existing methods yield a much greater efficiency, with the Expect Force as the only exception, which gains the same good performance as the proposed method. In fact, both the Expected Force and PR value identify ''clay, sand, stone'' as the most influential node. However, when we remove more nodes, Expected Force can no longer be as good as the proposed method. With more nodes removed, the gaps between the purple line (Expected Force) and the red line (PR value) is becoming more and more significant. When k = 2 or k = 3, some existing methods such as Diffusion Degree, Degree and Betweenness can sometimes achieve the same performance as the proposed one. Still, when k ≥ 4, the proposed method gains distinct advantage over all the other existing methods. The more nodes removed, the greater advantage the proposed method gained over the existing ones.
To compare the proposed method with the existing ones in a concise way, we can plot dodged bars as shown in Fig.9 , with the red bar standing for the mean network efficiency of the existing methods and the blue bars for that of the proposed method. When we remove one node identified by the proposed method, the efficiency of the remained network is as low as 0.515, which has a better influence than that of removing three nodes identified by the existing methods (only 0.523). If we remove six nodes, there will nearly be a 20 percent decrease of the network efficiency as compared with the existing methods, that is, (0.455 − 0.368) ÷ 0.455 × 100% = 19.12%. The advantages of the proposed method are notable. In our study, all the calculations are implemented with the R language [34] and its add-on packages igraph, ggplot2, GGally, and centiserve. For a reproducible research, code and data for this investigation are hosted on GitHub: http://github.com/byaxb/NodeImportancePRValues.
V. DISCUSSION AND CONCLUSION
Occupational injuries are attributing to various factors, and different factors play rather different roles in injury occurrence. It is thus of great importance to identify which factors are the crucial ones. We define triplet TIN propagation chains to describe the injury occurrence, with the emphasis on sources of injuries. To put things together and get a big picture, we model these intertwined chains as a complex network. In view that the network is heterogeneous in nature and the traditional metrics for node importance evaluation is no longer applicable, we propose two metrics, radial degree and partial betweenness, to quantify the contribution of the sources to injuries. The former is mainly used to describe the induction capabilities of the source nodes, while the latter is mainly to depict their control capabilities. Further the composite scores of these two metrics are employed to quantify the node importance of the source nodes, which can be utilized for role identification and differentiated management. The research outcomes will assist safety managers to prioritize managerial efforts according to their composite scores. Nodes with greater PR values should be paid more attention, deserving more regulatory resource.
Although our method is proposed for the occupational injury network, it can be generalized to other heterogeneous networks comprising two types of nodes, i.e., source nodes and sink nodes, if the emphasis is on the paths to the ultimate sink nodes.
Several limitations of the present study should be acknowledged. For example, we model the occupational injury network as an unweighted one, in which triplet chains occurred more than one time are treated as those that happened only once. Thus the frequency information is still underexploited. Another limitation is that our conclusions are drawn from the relationships among source nodes and injury nodes. It is well known that technical approaches alone are not sufficient to reduce injuries. Human factors and managerial factors should be included in the future.
